We evaluated the MEIA II with blood samples with added tacrolimus (3.0, 5.0, 11.0, and 22.0 g/L). The assay had acceptable recoveries (99 -103%) and intraday imprecision (<16.0%) across the range of concentrations studied, except for the recoveries at 3.0 g/L (86.3%) and 5.0 g/L (80.7%). Comparison of liver (n ‫؍‬ 116) and renal (n ‫؍‬ 113) patient samples measured by MEIA II against HPLC-tandem mass spectrometry (HPLC-MS/MS) found a mean overestimation of 15.6%. From these comparison data it can be calculated that at values of 5 and 20 g/L in liver or renal transplant patient samples, measured by HPLC-MS/MS, MEIA II will have the corresponding range estimates of 3.6 -7.9 g/L and 20.9 -25.4 g/L, respectively. No clinically significant difference in results, in terms of overestimation or correlation, was observed between the two transplant groups studied. The MEIA II is an improvement on the previous MEIA I and is suitable for the therapeutic drug monitoring of tacrolimus where HPLC-MS/MS is unavailable.
able interpatient variability in pharmacokinetics of tacrolimus (2) has led to the consensus that therapeutic drug monitoring (TDM) 4 of steady-state trough tacrolimus concentrations is required (3) . To date, the most frequently used methodologies for the TDM of tacrolimus have been immunoassay-based, either ELISA or microparticle enzyme immunoassay (MEIA) (4 -7) . A recent survey reported by Holt and Johnston (8) on the European Tacrolimus Quality Assessment Scheme showed that all but one of the 74 participating members were using immunoassay-based methods. These immunoassays use an anti-tacrolimus monoclonal antibody that recognizes not only the parent drug but also several of its metabolites (9, 10) . Several studies have reported that, in different patient groups, these immunoassays show overestimation in tacrolimus concentrations when compared with methods specific for the parent drug (11) (12) (13) (14) (15) .
Tacrolimus has been shown to exhibit a potency of 100-fold greater than cyclosporin (16) , and thus tacrolimus dosage is reduced correspondingly. The resulting blood concentrations (low g/L) make specific measurement of tacrolimus difficult. However, Gonschior et al. (17) utilized HPLC-mass spectrometry (HPLC-MS) to measure tacrolimus and three of its metabolites simultaneously in blood and urine. Recently, we developed a HPLC-tandem mass spectrometry (HPLC-MS/MS) assay for the analysis of tacrolimus in blood that is specific, sensitive, and rapid (18) . Under the guidelines recommended by Bü ttner (19) , both HPLC-MS and HPLC-MS/MS are considered reference procedures for the TDM of tacrolimus. The use of HPLC-MS, however, is limited by its lack of widespread availability and initial capital cost.
Drug Monitoring and Toxicology
Recently, a tacrolimus II MEIA (MEIA II) has become available. The lower analytical range of this method, compared with the previous version, MEIA I (7) , may provide an alternative to HPLC-MS in the TDM of tacrolimus. In this study, we determined the accuracy and imprecision of the MEIA II, using blood containing weighed-in amounts of tacrolimus. In addition, we evaluated the performance of the MEIA II in the clinical setting against a HPLC-MS/MS assay, using blood samples obtained from two patient groups, liver and renal transplant recipients.
Materials and Methods meia ii
The MEIA II was performed on an IMx analyzer ® according to the manufacturer's instructions (Abbott Laboratories). Tacrolimus calibrators and controls were used as supplied by Abbott. The IMx analyzer was calibrated (0, 3.0, 6.0, 12.0, 20.0, and 30.0 g/L) before sample analysis. A series of controls (5.0, 11.0, and 22.0 g/L) were run with each batch to confirm assay integrity throughout the study. Sample preparation involved blood samples (150 L) pretreated with a methanol solution containing zinc sulfate and ethylene glycol (150 L) in 1-mL polypropylene centrifuge tubes. These samples were vortexmixed and centrifuged for 5 min at 10 600g. The supernatant was dispensed into the respective reaction cells, and the automated analysis was performed.
hplc-ms/ms procedure HPLC-MS/MS analysis was performed according to a modified method of our previously reported assay (20) . Briefly, sample preparation consisted of an initial organic solvent precipitation (containing an internal standard: FR900520, a tacrolimus analog, Fujisawa Pharmaceutical Co.) of blood samples (500 L), followed by a C 18 solid phase cartridge extraction. The extracted samples were chromatographed using a C 8 column, 2 ϫ 100 mm (Brownlee Laboratories) at ambient temperature. The mobile phase consisted of 200 mL of 40 mmol/L ammonium acetate buffer (pH 5.1) and 800 mL of methanol per liter and was pumped at a flow rate of 400 L/min. The flow was split postcolumn at a ratio of 1:12 into the mass spectrometer. Mass spectrometric detection was via an electrospray interface using multiple reactant ion monitoring (tacrolimus m/z 821.53768.4; internal standard m/z 809.53756.4). For each batch of samples analyzed, a six-point calibration curve (0, 3.0, 6.0, 12.0, 20.0, and 30.0 g/L) was constructed. A weighted 1/X 2 regression analysis was used to fit the calibration curves.
assessment of meia ii against hplc-ms/ms
As part of patients' routine clinical care, blood samples were collected by venipuncture 12 h after the last oral dose of tacrolimus, just before the next dose, into tubes containing EDTA. The total number of samples collected from 50 liver and 43 renal transplant patients was 116 and 113, respectively. A maximum of five samples was collected from any one patient. All samples were stored at Ϫ18°C and assayed within 3 months of collection.
statistical analysis
To assess the accuracy and imprecision of MEIA II compared with HPLC-MS/MS, three controls (5.0, 11.0, and 22.0 g/L) were assayed in quadruplicate over 4 days by both methods. Accuracy was calculated as the ratio of the mean concentration (n ϭ 12) over the known "weighedin" concentration, expressed as a percentage. Imprecision was determined from the analysis of variance, using the methods of Krouwer and Rabinowitz (21) . To investigate assay performance at the low end of the therapeutic range, the manufacturer's calibrator B (3.0 g/L) was analyzed in replicate on 1 day by MEIA II (n ϭ 10) and HPLC-MS/MS (n ϭ 5). The acceptable limit of accuracy was defined as Ϯ15% of the weighed-in concentration and Ϯ20% at the limit of quantitation. Similarly, the acceptable limit of imprecision is defined as CV Ͻ15%, except for the limit of quantitation, where it should be Ͻ20% (22) . Regression analysis and the methods described by Bland and Altman (23) were used to compare the results obtained by the two methods for the liver and renal transplant groups.
Results
A summary of the analytical performances of the MEIA II and HPLC-MS/MS methods at three concentrations (5.0, 11.0, and 22.0 g/L) is shown in Table 1 . The total imprecision of MEIA II was acceptable (Ͻ13.0%) across the range of controls studied. The recovery of the MEIA II was acceptable at 11.0 g/L (102.5%) and 22.0 g/L (99.7%); however, the recovery at 5.0 g/L (80.7%) was unacceptable. The intraday imprecision and recovery determined at 3.0 g/L, using the manufacturer's calibrator B, for MEIA II were 15.3% and 86.3%, respectively. These data compare with a total imprecision of Ͻ4.0% and a recovery range of 99.5-100.6% for the HPLC-MS/MS method over the range of controls studied. The imprecision and recovery at 3.0 g/L for the HPLC-MS/MS were 2.5% and 102.2%, respectively. The tacrolimus concentrations measured by both methods for all the transplant patient samples studied are shown in Fig. 1 . The equation for the line of best fit is described by the equation MEIA II ϭ 1.16 (Ϯ 0.0184) ϫ HPLC-MS/MS Ϫ 0.00561 (Ϯ 0.163) g/L (S y͉x ϭ 1.12, n ϭ 229). Fig. 2 shows the above data as the difference in tacrolimus concentrations (MEIA II minus HPLC-MS/ MS) against the mean tacrolimus concentrations of both methods. The line of best fit is described by the equation MEIA II minus HPLC-MS/MS ϭ 0.179 (Ϯ 0.0155) ϫ Mean Concentration Ϫ 0.261 (Ϯ 0.149) g/L (S y͉x ϭ 1.03, mean bias ϭ 1.26 g/L). From the 95% confidence intervals it can be calculated that concentrations of 5 and 20 g/L, measured by HPLC-MS/MS, will give corresponding estimates for MEIA II of 3.6 -7.9 g/L and 20.9 -25.4 g/L, respectively. When the data for the two transplant groups were examined independently, little difference, in terms of correlation, was observed. The mean overestimations for the liver and renal transplant groups were 13.1% and 18.2%, respectively.
Discussion
Although the recommendations of the Lake Louise International Consensus Conference on Immunosuppressive Drugs called for the use of specific methods in the TDM of tacrolimus (3), the majority of centers use ELISA and MEIA (8) . This is partially because accurate measurement of tacrolimus in blood using traditional HPLC detection is not possible due to the drug's lack of intrinsic fluorescence, end absorption in the ultraviolet spectrum (24) , and circulating concentrations are low compared with cyclosporin. The development of reliable HPLC-MS methods has provided one means for the specific measurement of tacrolimus (17, 18) . The major problem to overcome for the routine use of HPLC-MS is the specialized and expensive instrumentation. The instrumentation required for ELISA and MEIA are less expensive and are found routinely in clinical laboratories. However, the consumable costs of running HPLC-MS analysis is the same or less than traditional HPLC and also less than the cost of the commercial kits for the MEIA II. Finally, the simple sample preparation and rapid turnaround time make the MEIA II very attractive to the clinical laboratory. The current therapeutic ranges of tacrolimus for liver and renal transplant recipients are in the range of 5-20 g/L (25) . The original MEIA I assay was found to have insufficient sensitivity to monitor patients with tacrolimus concentrations Ͻ5 g/L (13) . Therefore, the development of a MEIA II method with a lower analytical range is of considerable interest to transplantation centers measuring tacrolimus. Our investigation of the analytical performance of the MEIA II, using known weighed-in controls, found the assay to be accurate and precise except for the recovery at 5.0 g/L (80.7%), although the mean value of 4.0 g/L obtained for the 5.0 g/L control was considered acceptable under the manufacturer's guidelines (3.0 -7.0 g/L) (26) . Furthermore, the MEIA II assessed using the manufacturer's calibrator B (3.0 g/L) gave a recovery and imprecision within the guidelines of Shah et al. (22) for the limit of quantitation. Overall, the analytical performance of MEIA II, determined using weighed-in controls, was superior to our previously reported evaluation for MEIA I (15) .
Several groups have reported increased tacrolimus concentrations in patient samples measured by immunoassays compared with results obtained by specific methods (11) (12) (13) (14) (15) . In this study, we found that the overestimation was similar for both transplant groups. For the liver and renal transplant groups, the maximum percentages of overestimation (mean) were 47.8% (13.1%) and 117.9% (18.2%), respectively. These data compare with the work of Firdaous et al. (13) , in which the reported overestimation for the liver and renal transplant groups ranged from 18% to 48%. The clinical importance of this overestimation in tacrolimus concentrations is yet to be determined, although Braun et al. (14) reported a case study of a renal transplant patient with ongoing rejection, in which the difference in concentrations measured by MEIA I (median, 10.5 g/L), ELISA (median, 7.92 g/L), and HPLC-MS (median, 2.93 g/L) could be considered clinically important.
In conclusion, the MEIA II is an improvement on the previously available MEIA I and is suitable for the TDM of tacrolimus where HPLC-MS/MS is not available. The random sample selection for our study was an attempt to obtain a cross-section of our total population; however, determining the clinical importance of the observed overestimation in results will require longitudinal studies with large numbers of patients in all transplant populations.
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